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Introduction
A thin epithelial layer covers the surface of the mucosa of the internal body cavities, including the airway, gastro intestine, and urogenital tract. The epithelial cells are connected each other by the tight junctions. The cell bodies and the tight junctions form the epithelial barrier that allows water and some substance of small molecular weight to pass through, and restricts substance with large molecular weight to enter the deep region of the mucosa [1] . The epithelial barrier integrity plays a critical role in the maintenance of the homeostasis in the vaginal mucosa [2] . Disruption of the epithelial barrier integrity is associated with the pathogenesis of a large number of mucosal diseases, including allergic airway diseases (such as allergic rhinitis, asthma) [3] , chronic intestinal inflammation (such as inflammatory bowel disease) [4] , and chronic urogenital inflammation (such as chronic vaginitis) [5] . Yet, the causative factors inducing the epithelial barrier disruption are not fully understood.
The tight junction consists of a number of proteins; the major types are the claudins and the occludins [6, 7] . The abnormality of any tight junction associated proteins may result in the disruption of tight junction integrity and initiate disorders in the mucosa [8] . Although the studies in epithelial barrier function are advanced rapidly in the recent years [9] , the pathogenesis of epithelial barrier dysfunction is to be further investigated.
Prolactin (PRL), also known as luteotropic hormone or luteotropin, is a protein that in humans is best known for its role in enabling females to produce milk; however, it is influential over a large number of functions with over 300 separate actions of PRL having been reported in various vertebrates [10] . Prolactin is secreted from the pituitary gland in response to eating, mating, estrogen treatment, ovulation, and nursing. Prolactin is secreted in a pulsatile fashion in between these events. Prolactin also plays an essential role in metabolism, regulation of the immune system, and pancreatic development. Treating with PRL can alter the histological structure of vaginal mucosa [11] . Whether PRL affect the vaginal epithelial barrier function is unclear.
Psychological stress (stress, in short) is a form of mental response to external or internal stimuli. Upon the stimulation, the central nervous system releases a number of factors (such as corticotrophin releasing factor, prolactin) to adjust certain body activities to avoid being damaged [12] . However, some individuals respond the stimuli inappropriately; release too much stress-associated factors, such as corticotrophin releasing factor or prolactin, which result in inappropriate adjustment of the body activities and induce diseases [12] . It is reported that vaginal hypersensitivity and hypothalamic-pituitary-adrenal axis dysfunction can be induced by neonatal maternal separation in female mice [13] . Recent reports indicate that stress can induce over-release of prolactin (PRL) and induce intestinal mucosal inflammation [12] . Based on the above information, we hypothesize that stress induced PRL-release may induce vaginal epithelial barrier disruption. Thus, we carried out an experimental study. The results showed that stress increased the PRL levels in the vaginal mucosa, induced vaginal epithelial barrier dysfunction via down regulating the expression of occludin.
Materials and Methods

Reagents
The chromatin immunoprecipitation kit, dextran, cabergoline, spermidine and prolactin were purchased from Sigma Aldrich (Shanghai, China). The PRL ELISA kit was purchased from Guidechem (Shanghai, China). The antibodies of PRL (H-12), occluding (F-7), STAT3 (C-20) and pSTAT3 (B-7) were purchased from Santa Cruz (Shanghai, China). The reagents for real time RT-PCR and Western blotting were purchased from Invitrogen (Shanghai, China).
Rats
Adult female Wistar Kyoto rats weighing between 450 and 500 g were purchased from Beijing Experimental Animal Center and housed under controlled light-dark conditions (lights on 7 am to 7 pm). The room temperature was adjusted to 23°C-24°C. Rats were allowed to access freely to food and water. The experimental procedures were approved by the Animal Ethic Committee at the Beijing Obstetrics and Gynecology Hospital. The procedures were performed in accordance with the guidelines.
Determining rat estrous cycle
Following published data [14] , the stage of the estrous cycle was determined from the cell types observed on the smears. Vaginal smears were taken daily from all female rats. The vaginal wall of each rat was 
Stress model
Following reported procedures [15] , during non-menstrual period, rats were treated with the water avoided stress. Briefly, the rats were placed on a platform (10 cm in diameter) surrounded with water (5 cm above water) in a container (40 cm in diameter and 80 cm in height) 1 hour daily for 9 consecutive days; sham stress (control rats) were placed on a similar platform in a container without water.
Assessment of rat vaginal epithelial barrier permeability
After the last stress session, 0.3 ml FITC-dextran (10 mg/ml; 1, MW = 4 kDa; 2, MW = 70 kDa) was introduced into the vaginal tract under a light general anesthetization [Intraperitoneal injection with a mixture (2.0 ml/kg; 50 mg/ml) of ketamine and xylazine (0.5 ml/kg; 2%)]. The rats were held in a tilt position (45 degree; with the caudal end at-upside) for 30 min to keep the dextran inside the vaginal. The vaginal tract was washed with warm (37 °C) saline for 3 times to eliminate the un-absorbed dextran. The vaginal tract was then opened; the epithelia tissue was scrapped with a glass slide and processed with the procedures of protein extraction. The protein levels were determined by the Bio-Rad protein assay. The samples were analyzed by a fluorometer at 518 nm.
Enzyme-linked immunosorbent assay (ELISA)
The serum levels of PRL were determined by ELISA with a commercial reagent kit following the manufacturer's instructions.
Cell culture and assessment of barrier function T84 cells (a human colon epithelial cell line; between passages 20-25. Using a human colon cell line in this experiment is because T84 cell monolayers are a well-established model to test the intestinal epithelial barrier function in vitro) were purchased from ATCC (American Type Culture Collection; USA). The cells were cultured in DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 2 mM L-glutamine. The cells were seeded in the inserts (0.4 μm pore size, 10-mm diameter) of Transwells. The transepithelial electric resistance (TER) was measured with an Ohmmeter. After confluence (TER≥ 1000 Ω.cm 2 ), the T84 monolayers were stimulated with PRL. The TER was recorded at 0 h and 24 h after the addition of PRL. 0.1 ml/well FITC-dextran (10 mg/ml; 1, MW = 4 kDa; 2, MW = 70 kDa) was added to the apical chambers. Samples were taken from the basal chambers 24 h later and analyzed by a fluorometer at 518 nm. The cell viability was greater than 98% as assessed by the Trypan blue exclusion assay.
Real time quantitative RT-PCR (RT-qPCR)
Total RNA was isolated from T84 cells using TRIzol reagent. Reverse transcription (RT) was performed with 50 ng of total RNA using a reverse transcription kit. Reactions included 10 μL of SYBR Green Master Mix, 5 μL of cDNA, and 0.2 μL of primer set for performing real-time PCR with a Real Time PCR device (MiniOpticon, Bio-Rad, Shanghai, China). The oligonucleotide primers of occludin used for the amplification included: Forward, tttggaccataaccccggaa; reverse, atcgtctggggtgtgaaagt. The β-actin gene was used as endogenous control with the primers of forward, caaccttcttgcagctcctc; reverse, atacccaccatcacaccctg. A threshold cycle (Ct) was observed in the exponential phase of amplification, the relative mRNA expression level was determined by calculating the ΔΔCt values, and the fold change was expressed as 2 −ΔΔCt .
Western blot analysis
Proteins were extracted from the T84 cells; the content was determined using the Bradford protein assay. Equal amounts of protein extracts were resolved by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel) electrophoresis. Samples were electroblotted onto a PVDF membrane. The membranes were incubated with 3% non-fat milk in TBST (Tris-buffered saline Tween 20) with the primary antibodies (1:1,000) overnight at 4°C, followed by incubation with the second antibodies (peroxidase-conjugated, 1:2,500) to reveal immunocomplexes by enhanced chemiluminescence. The results were photographed with a KODAK Image Station 4000Pro (KODAK, Shanghai, China). The integrated density of the blots was determined with the software of ImageJ.
Chromatin immunoprecipitation (ChIP).
ChIP assays were performed using a ChIP kit (Sigma Aldrich) according to manufacturer's instructions. Briefly, 3 × 10 7 cells were cross-linked with 1% formaldehyde for 10 min; the cells were then lysed in a cell lysis buffer containing protease inhibitor. The samples were precleared with protein A/G agarose/ salmon sperm DNA slurry, and immunoprecipitation analysis was performed at 4 °C overnight using an anti-STAT3 antibody or normal mouse IgG (using as a negative control) overnight at 4°C with mild agitation. The antibody/chromatin complexes were collected by incubation with protein A/G agarose and analyzed by PCR. For the STAT3 binding sites, the primers included: Forward, AGGAGTCTTTCGTTGGAGCA; reverse, CTGCTTCGGATGGAACCTTG [16] . The DNA purified from the sonicated nuclear lysate was analyzed by realtime PCR using the same primer sets. The resulting data were used as an input control. Expression of a target DNA sequence was normalized to the input DNA.
Methylation-specific PCR
The genomic DNA was isolated from T84 cells using a phenol-chloroform extraction followed by ethanol precipitation. The DNA (1 μg) was treated with bisulphite using EZ DNA Methylation-Gold TM Kit (Zymo Research, Irvine, NY, USA) following the manufacturer's instructions. The modified DNA was subjected to qPCR. A pair of primers was designed to amplify the unmethylated alleles. The primers included forward, ttaaggttttatttgaagtaggtgg and reverse, caatattacaacccaaaaaacaaa.
Overexpression of occludin in T84 cells
The plasmid pcDNA-vector and pcDNA-occludin were provided by GenScript (Nanjing, China). These plasmids were transfected into cells with Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. The expression of occludin in T84 cells was assessed by RT-qPCR and Western blotting.
Statistics
The data are presented as mean ± SD and processed in Microsoft Excel. The differences between groups were determined by Student t test or ANOVA if more than two groups. A p<0.05 was set as a significant criterion.
Results
Chronic stress induces PRL in the vaginal epithelia
Based on the reports that prolactin (PRL) plays a role in the epithelial barrier dysfunction [17] , psychological stress can increase the release of PRL [12] , we inferred that chronic stress might be associated with vaginal epithelial barrier dysfunction. To this end, we carried out a rat model study, in which rats were treated with a 9-day chronic stress. We found that, after the stress, PRL was detected in the sera (Fig. 1A ) and vaginal epithelia (Fig. 1B-C) after stress, which was also in a stress time-dependent manner. The levels of PRL were not changed in the vaginal epithelium of the rats treated with sham stress. The results indicate that the stress increases the PRL release in the body, including the vaginal epithelia.
Chronic stress increases rat vaginal epithelial barrier permeability
Published data indicate that stress-induced PRL release is involved in the up regulation of epithelial barrier permeability [12] , the data of Fig. 1 implicate that the stress may increase the rat vaginal epithelial barrier permeability. To test the hypothesis, we treated rats with the 9-day chronic stress. The vaginal epithelial permeability was assessed by the absorption of FITC-dextran in the vaginal epithelia. The results showed that chronic stress significantly increased the dextran-absorption in a stress time-dependent manner, which could be abolished by administration with an inhibitor of PRL, the cabergoline (Fig. 2) .
PRL disrupts vaginal epithelial barrier integrity
We next cultured the T84/E6E7 (T84, in short) cells into an epithelial monolayer. The T84 monolayers were exposed to PRL in the culture. The transepithelial electric resistance Fig. 1 . Chronic stress increases PRL in the vaginal mucosa. Rats were treated with a 9-day stress. The vaginal mucosal samples and blood samples were collected after the last stress session and analyzed by RTqPCR, ELISA and Western blotting. A, the bars indicate the serum levels of PRL (by ELISA). B, the bars indicates the mRNA levels of PRL in the vaginal epithelium extracts. C, the Western blots indicate the protein levels of PRL in the vaginal mucosa. The bars below the blots indicate the integrated density of the Western blots. Sham: Rats were treated with sham stress for 9 days. The data of bars are presented as mean ± SD. *, p<0.05, compared with the group of day 0. Each group consists of 6 rats. Samples from individual rats were processed separately.
Fig. 2.
Vaginal epithelial barrier permeability assessment. After stress session, dextran-FITC (0.3 ml/rat; 10 mg/ml) of 4 kDa or 70 kDa was introduced into the vagina. Thirty minutes later, the vagina was washed with saline (37 °C) three times. The vaginal mucosa was collected and processed with the procedures of protein extraction. The extracts were analyzed with a fluorometer at 518 nm. A-B, the bars indicate the light emission intensity. Sham: Rats were treated with sham stress. Caber: Inhibitor of PRL (cabergoline; 500 μg/kg; ip at 30 min before each stress session). SPD: A STAT3 inhibitor (Spermidine; 10 mg/kg; ip 30 min before the stress session). The data of bars are presented as mean ± SD. *, p<0.05, compared with the group of day 0. Each group consists of 6 rats. Samples from individual rats were processed separately.
PRL modulates tight junction protein occludin expression in T84 cells
Occludin is an important tight junction associated protein.
Published data indicate that activation of STAT3 inhibits occludin expression in epithelial cells [19] . Since PRL increases STAT3 phosphorylation in T84 cells, we infer that PRL modulates the occludin expression in T84 cells via modulating STAT3 activation. To test the hypothesis, we assessed the binding rate between pSTAT3 and the occludin promoter. The results showed that the exposure to PRL markedly increased the binding rate (Fig. 4B) . The exposure to PRL also decreased the occludin gene DNA demethylation (Fig. 4C) , mRNA levels ( Fig. 4D ) and protein levels (Fig.  4E) . The data support the hypothesis that PRL inhibits occludin expression in T84 cells. To enforce the results, we carried out separate experiments, in which we over expressed occludin in T84 cells. The cells were cultured into monolayers and exposed to PRL in a Transwell system. The results showed that the overexpression of occludin significantly attenuated the PRL-induced TER drop and permeability increase (Fig. 5) .
Discussion
The pathogenesis of epithelial barrier disruption plays a critical role in a large number of mucosal disorders. Thus, to elucidate the causative factors of epithelial barrier dysfunction is of significance. The present data show that stress can compromise the vaginal epithelial barrier integrity, induce hyperpermeability to macromolecular substances via repressing the expression of occludin, one of the tight junction associated proteins.
The primary role of PRL is to enable female mammals to produce milk [20] . Other functions of PRL also have been discovered. Patil et al report that PRL influences neuronal functions via activation of certain neurons, resulting in Ca(2+) influx and/or electrical firing with subsequent release of neurotransmitters [21] . It is suggested that PRL serves a critical role in breast cancer progression via activation of its cognate receptor [22] . Our data reveal another functional aspect that PRL can compromise the vaginal epithelial barrier integrity. The results suggest that PRL is not only produced by the pituitary gland, rat vaginal epithelial cells and human vaginal epithelial cell lines also can produce PRL. Supporting results are published. Langan et al report that skin cells also produce PRL [23] . Epithelial barrier dysfunction is associated with a large number of diseases. Santos et al report that cold stress induces human intestinal epithelial barrier hyperpermeability [24] . Yang et al reveal that stress induces corticotrophin releasing factor to release and compromises intestinal epithelial barrier dysfunction [15] . Our data are in line with those previous studies by showing that stress induces epithelial barrier dysfunction. The novel aspect of our study is that stress increases PRL levels in the peripheral system, such as in the serum and in the vaginal epithelia. The increase in PRL levels and the increase in vaginal epithelial barrier permeability are in parallel. It is not a coincident event since the hyperpermeability of the vaginal epithelial barrier can be blocked by the presence of a PRL inhibitor.
Although the epithelial tight junctions consist of several proteins, the abnormality of the proteins may result in the epithelial barrier dysfunction. Nassour et al indicate that loss of claudin-1 increases epithelial barrier permeability [25] . Lei et al show evidence that a decrease in the expression of the TJ protein, ZO-1, compromises the epithelial barrier function [26] . Our data are in line with those studies by showing that the inhibition of occludin by PRL induces markedly hyperpermeability in the Vk1 monolayer barrier, which can be prevented by the over expression of occludin in the Vk1 cells. These data suggest that even one of the proteins of the tight junction can cause the barrier dysfunction.
PRL can induce STAT3 phosphorylation [27] . Our data are in line with the reports by showing that exposure to PRL significantly increases STAT3 phosphorylation in vaginal epithelial cells. STAT3 is a transcription factor that is involved in the gene transcription of a number of molecules, some of which contribute to initiation of inflammation, such as Martinez-Neri et al suggest that PRL might be modulating the pro-inflammatory response against mycobacterial antigens through the MAPK pathway [27] . Neradugomma et al report that PRL activates STAT3 to promote carcinogenesis [28] . The present data provide a novel aspect that PRL activates STAT3 to compromise the vaginal epithelial barrier function via repressing occludin expression.
In summary, the present data indicate that stress-derived PRL can induce vaginal epithelial barrier dysfunction, which can be abolished by blocking PRL, or regulate some components, such as STAT3.
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